Abstract Estrogen receptor-negative breast cancers generally are highly malignant, resistant to chemotherapy and poorly prognostic. Here we demonstrate that estrogen receptor-negative human breast cancer cell lines highly express Fra-1, c-Fos and c-Jun, components of the transcription factor, activator protein-1 (AP-1). Retrospective observation of breast cancer tissues obtained by core needle biopsy before surgery from stages II and III patients demonstrates that Fra-1 expression is high in estrogen receptor-negative human breast cancers, and negatively correlated to paclitaxel sensitivity. Ascochlorin, which suppresses cellular AP-1 activity, selectively kills estrogen receptor-negative human and mouse breast cancer cell lines, and prolongs the survival time of mice implanted with an estrogen receptor-negative mammary carcinoma. These results suggest that chemotherapy targeting AP-1 activity is a potent strategy for estrogen receptor-negative human breast cancers.
Introduction
Systemic treatments for breast cancer, including the combination of surgery, hormone therapy, chemotherapy and irradiation, are commonly believed to be effective in prolonging the survival of breast cancer patients. Despite the different genomic background of each breast cancer, the most important factors for prognosis are estrogen receptor (ER) expression and HER2 gene expression [1, 2] . It is now particularly clear that patients with ER-positive tumors benefit substantially from hormone therapy [3] . For patients with ER-negative tumors, on the other hand, no effective therapeutic regimens have been established, and prognosis is generally poor. It is therefore important to find new agents that are selectively effective against ER-negative breast cancer cells.
Ascochlorin is a prenylphenol antibiotic ( Fig. 1) , originally isolated as an anti-virus agent produced by an incomplete fungus, Ascochyta visiae [4, 5] . Ascochlorin and its derivatives exhibit a large variety of physiological activities including hypolipidemic activity [6, 7] , suppression of hypertension [8] , amelioration of types I and II diabetes [9, 10] , immunomodulation [11, 12] , and antitumor activity through the phagocyte-mediated activation of innate immunity [12, 13] . Ascochlorin and ascofuranone, one of its derivatives, moderate oxidative phosphorylation by inhibiting ubiquinone-dependent electron transport in isolated mitochondria [14ϳ16] and it is suggested that the antiviral activity of ascochlorin and the macrophage activation of ascofuranone are caused by this inhibitory activity on mitochondrial respiration [14, 15, 17] . These compounds also modulate the activity of nuclear hormone receptors, and ascochlorin activates the transcription of human ER [18, 19] , thus suggesting that mechanisms other than those involving the respiratory chain contribute to their physiological activities.
We recently found that ascochlorin and ascofuranone selectively suppress activator protein-1 (AP-1) activity in human cells, as well as the transcription and protein expression of its downstream targets, such as matrix metalloproteinase-9, through inhibition of the Erk signaling pathway [20, 44] . Proteome analysis of human osteosarcoma cells suggests that ascochlorin causes a decrease in epidermal growth factor receptor expression, which is commonly linked to overexpression of HER2 antigen in breast cancers [49] . AP-1 is a family of homodimeric or heterodimeric transcription factors composed of basic region-leucine zipper proteins that belong to the Jun (c-Jun, JunB and JunD), Fos (c-fos, FosB, Fra-1 and Fra-2), Jun dimerization partners (JDP1 and JDP2) and closely related transcription activating factors (ATF2, LRF1/ATF3 and B-ATF) [21ϳ23]. AP-1 has been implicated in transcriptional regulation of a wide range of genes participating in cell survival, proliferation, oncogenesis and apoptosis. Correlation between AP-1 and malignancy in human breast cancers has been reported. ER-negative breast cancer cell lines have high AP-1 activity mainly through high Fra-1 constitutive expression [24] . Gene expression profiling of human breast cancer cells indicates that Fra-1 and vimentin, both of which are downstream targets of AP-1 [23, 25] , are consistently associated with a highly aggressive phenotype [26] . Through the ectopic expression Fra-1 in ER-negative cells and gene silencing of Fra-1 in ER-positive cells, it has been shown that Fra-1 expression is positively correlated with a malignant phenotype of breast cancer cells [27] . Moreover, overexpression of c-Jun in ER-positive cells increases Fra-1 expression and diminishes ER expression, resulting in increased aggressiveness [28] .
In our screening of novel therapeutic agents for human breast cancers, we have found that ascochlorin selectively kills the human ER-negative breast cancer cell line MX-1 through the induction of apoptosis [29] . Expression of AP-1 components, including c-Jun, c-Fos and Fra-1, is significantly increased in MX-1, and ascochlorin inhibits tumor promoter-induced AP-1 activity, which is dramatically elevated in MX-1 compared to the ER-positive breast cancer cell line ZR75-1. In this report, we confirm the correlation of ER-expression and expression of AP-1 components using a variety of human breast cancer cell lines and tissue sections from breast cancer patients, and found that ascochlorin demonstrated selective cytotoxicity toward these ER-negative breast cancer cell lines. We also found that intraperitoneal treatment with ascochlorin elongates the life span of mice implanted with ER-negative mammary carcinoma. Our results suggest that, by targeting AP-1, ascochlorin is an effective chemotherapeutic agent for ER-negative breast cancers.
Materials and Methods

Ascochlorin
Ascochlorin was obtained from Chugai Pharmaceutical Co. (Tokyo, Japan). It was dissolved in dimethylsulfoxide at 10 mg/ml as a stock solution and appropriately diluted with medium for addition to the culture medium, or with phosphate-buffered saline (PBS, pH 7.4, Sigma, St. Louis, MO, USA) containing 0.5% tween 80 for in vivo administration. Two hundred ml of the solution was injected ip for the treatment of each mouse. 
Antibodies
Cell Culture
Human breast cancer cell lines, MDA-MB-435s, MDA-MB-231, BT-549, HS578T, ZR75-1, and T-47D were purchased from American Type Culture Collection (Manassas, VA, USA). KPL-3c was kindly provided by Dr. J. Kurebayashi (Kawasaki Medical College, Okayama, Japan) [30] . MX-1 was kindly provided by Kyowa Hakko Inc. (Tokyo, Japan). A murine mammary carcinoma, FM3A, was purchased from Human Cell Science (Osaka, Japan). All cells were cultured and maintained in D-MEM supplemented with 5% fetal bovine serum.
MTT Dye Reduction Assay
Cell viability of drug-exposed breast cancer cells was determined by dimethylthiazol diphenyltetrazolium (MTT) dye reduction assay, which measures mitochondrial respiratory function [31] . Briefly, breast cancer cells (5ϫ10 4 cells/well) were plated in 96-well flat-bottomed plates (Nunc, Roskilde, Denmark) and allowed to adhere for 24 hours. After incubation, cells were exposed to the drug for 48 hours and then incubated with MTT dye (Roche Diagnosis, 100 mg/well) for 4 hours. The resultant formazan deposits were solubilized with 20 m l of 10% SDS, and the absorbance at 590 nm was measured. All data were calculated and expressed as percent A590 of control cells (without treatment, set at 100%).
Western Blotting
Exponentially growing cells (2ϫ10 5 ) were trypsinized and suspended in 50 m l of SDS sample buffer (120 mM Tris, 4.0% SDS, 20% glycerol, 0.1 mg/ml bromophenol blue, 100 mM dithiothreitol, pH 6.8). After SDS-PAGE, Western blotting of all samples was performed as described previously [32] , using first antibodies and the corresponding second antibodies for whole immunoglobulins from mouse or rabbit (Amersham Biosciences, Buckinghamshire, UK). Protein signals were visualized by fluorescence emission using a commercial kit (Roche Diagnosis, Mannheim, Germany).
Histological Analysis
Breast cancer tissues were excised by core needle biopsy from patients before each of their 12 weekly paclitaxel treatments (80 mg/m 2 , 12 times before surgery), fixed with 10 mM phosphate-buffered 10% formalin, and embedded in paraffin. Samples were serially sectioned at 5.0 m m and processed for hematoxylin and eosin staining and immunohistochemistry as described previously [33, 34] . We obtained informed consent from all patients to present and publish data derived from their tissue samples.
Antitumor Activity
Six-week-old Female C3H/He mice were purchased from Sankyo Lab Service Inc. (Tokyo, Japan). The mice were given a diet of commercial food pellets and water ad libitem. FM3A cells cultured in vitro were expanded in peritoneal cavity of C3H/He mice, and stored in liquid nitrogen. FM3A cells frozen out were ip implanted to mice, and harvested 5 days after the implantation. After washing twice with PBS, cells were suspended in PBS, and 1ϫ10 6 cells/mouse were implanted ip. Antitumor activity was assessed by time of survival. The animal studies were conducted in the animal facility of Institute of Research and Innovation in accordance with the institutional guidelines for laboratory animal care under approved protocols.
Statistical Analysis
The results were statistically analyzed with a two-tailed ttest, judging the significance by a p value less than 0.05.
Results
Selective Cytotoxic Effect of Ascochlorin on ER-negative Human Breast Cancer Cell Lines
We previously found that ER-negative human breast cancer cell lines have higher AP-1 activity and express higher amounts of AP-1 components, including c-Jun, c-Fos, and Fra-1, compared to ER-positive cell lines. An antitumor antibiotic, ascochlorin selectively kills ER-negative breast cancer cell lines through the induction of apoptosis [29] . We further confirmed the selective cytotoxicity of ascochlorin using various human breast cancer cell lines. MX-1, MDA-MB-231, MDA-MB-435s, BT-549, and HS578T are ER-negative cell lines, while ZR75-1, KPL-3c, and T-47D are ER-positive cell lines ( Fig. 2A) . HER1 is expressed in all the ER-negative cell lines except MX-1 and MDA-MB-435s, while HER2 is expressed in both types of cell lines except MDA-MB-435s. Bcl-2, an anti-apoptotic factor, is expressed in ER-negative cell lines with the exception of HS578T, although KPL-3c also expresses a high amount of Bcl-2. Expression levels of Fra-1, c-Fos, and c-Jun are elevated in ER-negative cell lines without exception. Ascochlorin showed the most profound cytotoxicity on HS578T and BT-549, with moderate cytotoxicity toward MDA-MB-435s, MDA-MB-231, and MX-1, whereas T-47D, KPL-3c and ZR75-1, the three ER-positive cell lines, were resistant to ascochlorinmediated cytotoxicity (Fig. 2B) . These results suggest that ascochlorin, which suppresses cellular AP-1 activity, generally exhibits selective cytotoxicity toward ER-negative human breast cancer cell lines, which express higher levels of AP-1 components.
Expression of Fra-1 is Negatively Correlated to ERexpression and Associated with Paclitaxel Resistance in Human Breast Cancers
Because accumulated evidence suggests that Fra-1 expression is positively correlated with malignancy in human breast cancers [24, 26, 27] , we examined Fra-1 expression in tissue sections of cancers from patients with stages II and III breast cancers, including paclitaxelsensitive cancers (Fig. 3A, B) , cancers in progressive disease (PD) or no change (NC) after paclitaxel therapy (Fig. 3CϳH) . Although lymph node metastasis was observed in several patients, no distant metastasis was found in any of these patients. In the retrospective observation of cancer tissues obtained by core needle biopsy before surgery, Fra-1 expression was remarkably low in breast cancers sensitive to paclitaxel compared to those resistant to paclitaxel therapy. These paclitaxelsensitive cancers expressed ER and progesterone receptor (PgR). Among paclitaxel-resistant cancers, Fra-1 expression was much higher in ER-negative cancers than in ER-positive cells, while HER2 was expressed independent of Fra-1 expression level. We also stained these cancer tissues with anti-c-Fos antibody, but failed to find marked differences among the cancers (data not shown). These results suggest that Fra-1 expression is tightly linked to ER status and, consequently, to drug-resistance of human breast cancers.
In Vivo Efficacy of Ascochlorin on an ER-negative Breast Cancer Cell Line in a Murine Experimental Model
In vivo efficacy of ascochlorin on an ER-negative breast cancer was assessed using a murine mammary carcinoma, FM3A, implanted ip in syngeneic C3H/He mice. Through Western blotting, we confirmed that FM3A expressed no ER but did express abundant amounts of c-Jun and Fra-1, as in the human ER-negative breast cancer cell line MX-1 (Fig. 4A) . The cytotoxic effect of ascochlorin on FM3A was observed at much lower concentrations, above 10 nM, compared to MX-1 or ZR75-1 (Fig. 4B) . We treated the mice ip with ascochlorin from 24 hours after the intraperitoneal implantation of FM3A, 3 times/week until death. While all the mice in the untreated group died within 25 days, mice treated with 2.0 mg/kg ascochlorin survived for up to 60 or more days (Fig. 4C) . Average survival times for the untreated and ascochlorin-treated groups are 22.20Ϯ2.17 and 42.20Ϯ15.77 days (pϽ0.05), respectively. Treatment of mice with 4.0 mg/kg ascochlorin killed mice with toxicity. These results suggest that ascochlorin is a potent therapeutic agent for ER-negative breast cancers.
Discussion
It is generally observed that ER expression is negatively correlated to malignant properties in human breast cancers [24, 26, 27] , and a novel therapeutic strategy is warranted for ER-negative breast cancers to improve poor prognosis. We previously found that ascochlorin selectively kills ERnegative human breast cancer cell lines [29] . ER-negative breast cancer cell lines show increased AP-1 activity and expression of AP-1 components, and ascochlorin effectively suppresses the AP-1 activity induced by PMA. In this work we confirmed the aberrant expression of AP-1 family members in a wide variety of ER-negative human breast cancer cell lines. These cell lines were highly sensitive to ascochlorin compared to ER-positive human breast cancers. We also confirmed a high expression level of Fra-1 in ER-negative tumor tissues from breast cancer patients, and that paclitaxel-sensitive breast cancers express Fra-1 at a low level. Selective expression in ER-negative breast cancer was not observed with c-Fos. Gene expression profiling of human breast cancers suggests that only vimentin and Fra-1 are associated with an aggressive phenotype of human breast cancer [26] . Our findings are consistent with this observation.
These results prompted us to investigate the in vivo efficacy of ascochlorin on breast cancers. We used a murine experimental model in which murine FM3A cells, which are ER negative and express c-Jun and Fra-1 abundantly, were implanted into the peritoneal cavity of syngeneic mice. Intraperitoneal treatment of mice with ascochlorin significantly suppressed tumor growth and elongated survival time. Although further studies including improvement of drug delivery and therapeutic index through the chemical modification is necessary for clinical application, this result demonstrates that suppression of AP-1 is potent therapeutic strategy for ER-negative breast cancer cells that have aberrant AP-1 activity. We previously reported that an AP-1 decoy oligonucleotide which specifically binds intracellular AP-1 inhibits AP-1 transcription and cell invasion as effectively as ascochlorin [20] . We have shown that our decoy strategy effectively inhibits specific transcription factor activity and pathogenic disorders in vivo [35] . A genetic strategy targeting AP-1 activity also might be effective for treatment of ERnegative breast cancers. Expression of ER is negatively correlated with AP-1 activity and expression of its components, especially Fra-1, in human breast cancers [24, 26ϳ29] . We confirmed this correlation in a wide variety of human cell lines, as well as in breast cancer tissues from patients. Although normal and immortal human mammary epithelial cells have a high basal level expression of AP-1 activity, AP-1 activity and expression of AP-1 components decrease as the breast epithelial cells progress through the stages of carcinogenic transformation [36] . However, ectopic expression of c-Jun in the ER-positive MCF-7 breast cancer cell line produces increased cellular motility and in vitro chemoinvasion, acquisition of tumor forming activity in nude mice in the absence of exogenous estrogen, and diminished ER transcription, accompanied by increased expression of Fra-1 [28] . This study suggests that loss of ER expression and increased malignancy in transformed breast cancer cells are caused by activation of AP-1. AP-1 maintains cellular homeostasis [23] . AP-1 activation may compensate for growth signals from the ER required for the growth of breast cancer cells, and provide selection pressure for ERnegative cells. Conversely hormonal therapy may select hormone-unresponsive, ER-negative cells through the induction of high AP-1 activity resulting in recurring tumors with highly malignant phenotypes, which are observed in many human patients [37] and in nude mice transplanted with human breast cancers [38] .
Many studies have demonstrated a crucial role for Fra-1 in the transformation of various cell types. Ectopic expression of Fra-1 in RatA fibroblasts induces tumorigenicity [25] . NIH3T3 clones, which overexpress the ras oncogene, accumulate AP-1 components including cJun, JunB, Fra-1 and Fra-2, and ectopic co-expression of cJun and Fra-1 in the fibroblasts lead to a transformed phenotype, attenuation of cFos serum inducibility, increased AP-1 activity, and cyclin D 1 accumulation [39] . Silencing of Fra-1 in ER-negative breast cancer cell lines decreases growth and malignant phenotypes. Conversely, overexpression of Fra-1 in ER-positive breast cancer cell lines promotes growth on Matrigel and increases AP-1 activity and transcription of its downstream targets related to the invasive phenotype [27] . Neoplasmic transformation of rat thyroid cells is associated with a drastic increase of JunB and Fra-1, and transfection with fra-1 antisense RNA significantly reduces the malignant phenotype [40] . Epithelioid adenocarcinoma cells have enhanced activity of AP-1 due to high expression of Fra-1 and Fra-2, and exogenous expression of fra-1 in epithelioid cells endows the cells with phenotypes characteristic of late-stage tumor progression [41] . AP-1 binding to DNA is dramatically increased in asbestos-induced mesothelial cell transformation, and Fra-1 binding to DNA is specifically increased in rat mesothelioma cell lines, compared to normal rat mesothelial cells [42] . Transfection with the dominant-negative fra-1 construct reverses the transformed phenotype of mesothelioma cells and anchorage-independent growth in soft agar. Upon serum stimulation of resting cells, Fra-1 is induced in the nucleus after c-Fos induction, and degradation of c-Fos is requisite for Fra-1 entry into nucleus and the resultant induction of cyclin D 1 and G 0 -to-G 1 transition [43] , suggesting that Fra-1 expression is essential for the growth promotion and malignant progression of human cancers. These results underscore the therapeutic potential of ascochlorin for chemotherapy-resistant malignant cancers other than breast cancers.
Among derivatives of ascochlorin, inhibitory activity of AP-1 is observed with ascochlorin and ascofuranone, but not with AS-6 and MAC, in which 4Ј-hydroxygroup of aromatic ring of ascochlorin is substituted by carboxylmethoxyl-and methoxyl-moiety, respectively ( Fig.  1) [20, 44] . Ascochlorin and ascofuranone inhibits mitochondrial respiration, but AS-6 and MAC dramatically decrease the inhibitory activity (unpublished result), suggesting that AP-1 inhibition and selective toxicity to ER-negative breast cancer is related to mitochondria respiration. This is supported by the observation that antimycin A also exhibits selective cytotoxic effect on ER-negative breast cancer cell lines (unpublished result). The majority of intracellular reactive oxygen species (ROS) is derived from mitochondria, and under normal metabolic condition, complex III (ubiquinone-cytochrome c reductase) is the main site of ROS production [45] . Thus, it is possible that ascochlorin, which inhibits ubiquinonedependent mitochondria electron transport [16] , affect cellular ROS production. Although the too much ROS generation is toxic to the cells, appropriate amount of ROS can be the mediators to transmit growth signals, and thus involved in oncogenesis [46] . In fact, generation of ROS is implicated in the malignant transformation of mesothelioma caused by asbestos [47] . Moreover, AP-1 modulates inflammation and metabolic disease [48] , which may explain why ascochlorin and its derivatives exhibit a large variety of physiological activities. Further study on ascochlorin may provide new insights into the mechanism for malignant transformation of human cancers.
